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We have designed and characterized a micro-SQUID with dispersive readout for use in low temperature
scanning probe microscopy systems. The design features a capacitively shunted RF SQUID with a tunable
resonance frequency from 5 to 12 GHz, micrometer spatial resolution and integrated superconducting coils
for local application of magnetic fields. The SQUID is operated as a nonlinear oscillator with a flux- and
power-dependent resonance frequency. Measurements for device characterization and noise benchmarking
were carried out at 4 K. The measured flux noise above 10 kHz at 4 K is 80 nΦ0Hz
−1/2 at a bandwidth of 200
MHz. Estimations suggest that one can benefit from parametric gain based on inherent nonlinearity of the
Josephson junction and reduce the flux noise to 30 nΦ0Hz
−1/2 at 100 mK, which corresponds to 7.5 µBHz−1/2
for a magnetic moment located at the center of the pickup loop.
Measuring the magnetic response of mesoscopic sam-
ples or mapping it vs. position for extended systems
are effective methods for revealing fundamental quan-
tum properties of condensed matter systems. Over
the past few decades, many advanced magnetic imag-
ing schemes have been developed, including magnetic
force microscopy1, scanning Hall probe microscopy2, su-
perconducting interference devices (SQUIDs)3,4, and NV
center based magnetometry.5 The high sensitivity, low
back action and low power dissipation of SQUIDs makes
them attractive for many types of low temperature exper-
iments. One classic example is the central role of scan-
ning SQUID microscopy in tests of pairing symmetry of
high-Tc cuprate superconductors.
6 Other prominent ap-
plications are the thermodynamic characteristics of per-
sistent currents in normal metal rings7 and proof of edge
states in topological insulators in the quantum spin Hall
regime.8
The magnetic field sensitivity of a SQUID with a given
flux-sensitivity increases with its pickup area. How-
ever, smaller SQUIDs provide better coupling to smaller
samples which leads to higher spin sensitivity3,9 as the
magnetic field of a dipole decreases with 1/r3. Vari-
ous approaches have been pursued to reduce the size.
The smallest nano-SQUID to date has been fabricated
by evaporating Nb or Pb10 onto the apex of a sharp
quartz tip reaching a loop diameter of below 50 nm
and a spin sensitivity of 0.38 µBHz
−1/2 at a few tens
of kHz bandwidth. In another approach, paramet-
ric amplification has been harnessed in nano-SQUIDs
based on Aluminum junctions11,12, which reduces the
flux noise down to 30 nΦ0Hz
−1/2 with a bandwidth ex-
ceeding 60 MHz.12 Recent works on parametric ampli-
fiers and dispersive readout of superconducting qubits
also harness the nonlinearity of the Josephson junction to
boost sensitivity.13–15 Compared to such size-optimized
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devices, micro-SQUIDs fabricated using a standard Nb
technique have the advantage of on-chip field coils and
modulation coils9 and can be operated at 4 K allowing
for a wide range of applications. However, these come at
the cost of larger pick-up loops (a few micrometers) and
a resulting poorer spin sensitivity (200 µBHz
−1/2). This
limitation was previously only overcome by devices with
pickup loops defined by focused-ion-beam16, but has re-
cently also been achieved by improvements in lithography
and shown to offer better spatial resolution as well.17
Here we present a scanning micro-SQUID which is
based on the same fabrication technology incorporating
another major advancement. Our design exploits the
parametric amplification based on nonlinearities of the
SQUID to boost sensitivity. The combination of a
smaller pickup loop and parametric amplification of the
signal leads to better spin sensitivity (10 µBHz
−1/2) and
higher bandwidth (200 MHz) compared to traditional
DC micro-SQUIDs in which the flux sensitivity is mainly
limited by internal dissipation.
Our devices were fabricated at Hypres Inc. using pla-
narized Nb/AlOx/Nb trilayer Josephson junction tech-
nology, including two planarized Nb layers with approx-
imately 0.8 µm minimum feature size. The SQUID con-
sists of a superconducting ring shunted by one Joseph-
son junction with designed critical current of 20 µA
[Fig. 1(a)]. With this geometry, the SQUID is gradio-
metric, i.e. the effect of any homogeneous background
magnetic field approximately cancels out. The smallest
pickup loops implemented have an inner (outer) diameter
of 1 µm (2 µm). The superconducting loop is shunted by
an on-chip parallel plate capacitor with amorphous sil-
icon dioxide as dielectric which was designed to have a
capacitance of 80 pF. The superconducting loop and the
capacitor form a resonator with a flux dependent reso-
nance frequency from 5-12 GHz. The pickup loops are
placed on opposite corners of the parallel-plate capaci-
tor at a distance of about 450 µm so that one loop can
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FIG. 1. (a) Schematic circuit diagram of the SQUID. The
geometry is gradiometric and cancels out any homogeneous
background magnetic field. Two field coils with a center-tab
allow applying magnetic fields to the sample while the total
flux threading the SQUID is unchanged. (b) Optical Image of
the fabricated chip. (c) Simplified schematic of the read-out
setup. The inset shows the effect of increased power (red line)
on reflected phase of RF signal as a function of frequency (or
applied magnetic flux Φa).
be located in close proximity to the sample while the
other is kept far away from it. External fields can be
applied to the sample by local single-turn field coils sit-
uated around each pickup loop. The field coils are fully
integrated into the chip layout and can also be used to
bias the SQUID at its most sensitive point. Compared to
using additional modulation coils9, this approach has the
advantage of reducing the total device inductance, which
leads to a higher sensitivity.18 The effective diameter of
each coil is 7.5 µm, resulting in a mutual inductance of
about 0.34 Φ0/mA (for the smallest pickup loop). The
SQUID and field coils are connected by on-chip 50 Ω
matched coplanar waveguide (CPW) transmission lines
to the bonding pads. High frequency signals up to 10
GHz can thus be applied to the SQUID and the sample.
As readout, we adopted a dispersive approach.11 The
SQUID is operated as a nonlinear oscillator with a flux-
and power-dependent resonance frequency. A continu-
ously applied microwave excitation is reflected by the
SQUID with a flux dependent phase shift which can be
detected using standard homodyne detection. Fig. 1(c)
shows a simplified schematic of this scheme. To thermal-
ize room temperature noise, RF lines are attenuated at
low temperature. A directional coupler is used to cou-
ple the excitation signal to the SQUID and guide the
reflected signal to a semiconductor cryogenic amplifier.
The amplifier has a bandwidth of 1-12 GHz so that it
does not limit the SQUIDs operation. The measured
noise temperature of the amplifier is about 5 K between
3 and 6 GHz. The signal is further amplified by sev-
eral room temperature amplifiers before being sent to the
vector network analyzer (VNA) or to a mixer, where the
phase of the reflected signal can be read out. While the
I and Q outputs are most convenient for high bandwidth
measurements, we characterize the SQUID using a VNA
to measure the reflection coefficient (Γ) of the SQUID as
a function of applied magnetic flux and RF power.
An external magnetic flux applied to one pickup loop
will induce a circulating current in the SQUID resonator
and through the junction which changes the Josephson
inductance. Part of the circulating current is shunted
through the other pickup loop inductance and reduces
the effect of the external flux by a factor of two. Thus,
the resonance frequency of the tank circuit and hence
the mixer output voltage (V ) is a periodic function of
the applied external magnetic flux (Φa) with a period-
icity of 2Φ0 [see Fig. 2(a)]. Fitting a simple model of a
LC tank-circuit shunted by a Josephson junction, we ex-
tracted the critical current of 23 µA, a loop inductance
of 19 pH and a capacitance of 30 pF. At finite static
bias, especially near Φa ≈ Φ0, the resonance frequency
is very sensitive to the applied flux, so the highest sen-
sitivity is achieved by biasing the SQUID on resonance
at a point with largest slope. The transduction factor
dV/dΦ = Gtotvin |∂Γ/∂Φ| represents the change in the
reflected microwave signal at mixer or VNA input in re-
sponse to the change in the external magnetic flux, where
vin is the amplitude of the excitation signal applied to
the SQUID and Gtot is total gain of the amplifiers before
the mixer and its conversion gain. In the linear regime,
Γ is independent of the excitation signal and hence the
flux sensitivity can be improved by both increasing the
excitation amplitude and biasing the SQUID at higher
|dΓ/dΦ|.
The analysis discussed above assumes that the ex-
citation signal is small enough (< -95 dBm) for the
SQUID to behave as a linear inductor. When increasing
the power, nonlinear effects arising from the sinusoidal
phase-current characteristic of the Josephson junction
become important. With moderate excitation, one
can harness inherent nonlinearities in the SQUID to
enhance the sensitivity [inset of Fig. 1(c)]. However,
nonlinearities eventually lead to bifurcation which limits
the maximum power level that can be applied to the
SQUID. Hence, a crucial factor for optimum noise
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FIG. 2. (a) Dependence of resonance frequency on applied
magnetic field and comparison with simulation (triangles).
The resonance frequency is a periodic function of the exter-
nal field with a periodicity of 2Φ0 (see text). (b) Transduction
factor estimation based on excitation power and external bias
sweeps. Nonlinearities lead to the splitting into two branches
and enhance the transduction factor. (c) Estimated paramet-
ric gain |G|; only the left branch shows parametric amplifica-
tion. The data in (b) and (c) were computed by numerical
differentiation of the reflected signal. The off-resonant gain
was normalized to one to compensate for any microwave sig-
nal losses or reflections in the system.
performance while avoiding bistable operating points is
a careful choice of the excitation power and flux bias.
When the power is low enough, experimentally we find
the lowest-noise operating points near Φa = 0.91Φ0,
which is in the region where the resonance frequency
is most sensitive to the applied flux [Fig. 2(a)]. To
further investigate noise performance of the SQUID, two
dimensional sweeps in Φa (small offset flux added to
Φa = 0.91Φ0) and applied power at constant frequency
(6.65 GHz) were carried out. Fig. 2(b) shows the
estimated transduction factor. At low powers there is
a single sensitive region at resonance. At higher power
this flux sensitive region splits up into two branches; the
left branch with enhanced transduction factor and the
right one without any enhancement. The distortion of
the resonance curve (Γ) on the left branch leads to a
faster change of the reflected phase as a function of the
applied flux (increase of |dΓ/dΦ|) and thus improves the
transduction factor, as illustrated in the inset of Fig. 1(c).
While nonlinearities result in an enhancement of the
transduction factor, the spectral noise density of the
SQUID S
1/2
Φ = S
1/2
V /(dV/dΦ) is also affected by para-
metric amplification of noise on the excitation line. To
estimate the total noise level, two contributions have to
be taken into account. First, the semiconductor cryo-
genic amplifier adds its own noise to the reflected signal.
Second, noise on the drive line is amplified by the SQUID
with parametric voltage gain G = Γ−1(dvref/dvin) =
1 + vinΓ
−1(∂Γ/∂vin), where vref = Γvin is the complex
voltage amplitude of the reflected signal at the SQUID.
The above expression assumes conservation of energy so
that changes in vin can only affect the phase of vref . An
estimate of |G| based on the dependence of the mea-
sured reflected signal on the excitation power is shown
in Fig. 2(c). This parametric amplification amplifies the
power of signals in phase with the excitation by |G|2.
The spectral noise density for the sensitive quadrature is
thus S
1/2
V =
√
kB(Tamp + |G|2Teff)Z0/2, where kB is the
Boltzmann constant, Tamp is the equivalent input noise
of the cryogenic amplifier and Teff is the effective John-
son noise temperature considering the effect of quantum
noise at the excitation frequency and the base tempera-
ture (kBTeff = h¯ω coth(h¯ω/kBTbase)). At 4 K, the ther-
mal Johnson noise is close to the noise associated with
the first stage semiconductor microwave amplifier (5 K),
requiring only very small parametric gain in the SQUID
for the amplified noise to exceed the noise from the semi-
conductor amplifier. However, we expect that at lower
temperature a stronger excitation can be applied to the
SQUID to provide higher parametric gain in order to re-
duce the effect of amplifier noise before noise amplifica-
tion becomes dominant. Fig. 3(a,b) shows the noise per-
formance estimated from the data in Fig. 2(b,c) using the
above relations at 4 K and 100 mK. In the linear branch
(right branch) the SQUID does not show enhancement
in flux sensitivity. This also coincides with zero para-
metric gain and hence no noise rise. At 100 mK, biasing
the SQUID at the nonlinear branch reduces the overall
noise temperature of the amplification chain, therefore
the noise performance is enhanced. In this branch, the
complication arises that the reduction of the transduction
coefficient at higher parametric gain eventually degrades
the noise performance of the device, in particular at 4 K
[see inset in Fig. 3(c)]. This effect is attributed to phase
sensitive amplification in parametric amplifiers12 where
noise is amplified more than the transduction because
the phase of the flux signal does not coincide with the
amplified quadrature.
To verify the noise model, we directly measured the
noise at different points on both linear and non-linear
branches [Fig. 3(c)]. At each different bias point we
measured the spectral power density of the mixer out-
put. The flux noise was estimated by dividing the voltage
spectral density by the transduction coefficient computed
from the area under the excitation peak.
At 4 K the best operating points lie on the linear
branch where parametric gain is negligible. We ob-
tained an effective flux noise of 80 nΦ0Hz
−1/2. This
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FIG. 3. (a, b) Estimated flux noise based on the data from
Fig. 3 and the noise model described in the text for T =
4 K, and T = 100 mK (c) Measured flux noise at 4 K and
at different bias points on flux noise estimation. In order
to simultaneously measure the transduction coefficient, an ac
signal with an amplitude of 20 µΦ0 and frequency of 1.7 kHz
was applied to one of the field coils and the voltage noise was
obtained by averaging the noise floor between 50 kHz and 100
kHz. The inset shows the dependence of the bandwidth and
flux noise on excitation power at the nonlinear branch.
agrees well with an estimated best noise performance
of ∼ 76 nΦ0Hz−1/2 [Fig. 3(a)]. Nevertheless, the esti-
mate in Fig. 3(b) predicts that at a base temperature
below ∼300 mK where quantum noise dominates, one
can harness the parametric gain in the nonlinear branch
and reduce the flux noise to 30 nΦ0Hz
−1/2. According
to Tesche and Clarke19, a DC SQUID gradiometer in
the limit of β ≈ 1 with equal inductance and junction
critical current density would perform at a flux noise
of S
1/2
Φ = 8kBTL
√
piLC ≈ 292 nΦ0Hz−1/2, ultimately
quantum limited by S
1/2
Φ = hL = 79 nΦ0Hz
−1/2 at di-
lution refrigerator temperatures. We attribute improved
noise performance of our devices to the advantages of
dispersive readout.
Note that the bandwidth decreases as the parametric
gain increases. The bandwidth was determined by
sweeping the ac signal frequency at the field coil. For
the linear branch it is about 200 MHz and independent
of the applied power. This value lies close to an
estimate of the bandwidth of a simple LC resonator
with a line impedance of 50 Ω and a capacitance of
30 pF (1/2piZ0C ≈ 100 MHz). The bandwidth at
the nonlinear branch is a function of the parametric
gain and thus a function of power [inset of Fig. 3(c)].
The gain-bandwidth product is constant in parametric
amplifiers11, corresponding to a lower bandwidth at
higher parametric gain. At 100 mK, the line noise at 6.6
GHz is quantum limited and a minimum parametric gain
of 5 is needed to overcome the semiconductor amplifier
noise. This value of gain corresponds to a bandwidth of
approximately 20 MHz.
In conclusion, we have characterized a Nb scan-
ning SQUID at 4 K. Using homodyne to readout our
dispersive RF SQUIDs, we reached a flux noise of
S
1/2
Φ = 80 nΦ0Hz
−1/2 with 200 MHz bandwidth at
4 K. Furthermore, estimations predict that at lower
temperature and higher excitation power the flux
noise decreases to 30 nΦ0Hz
−1/2 at a bandwidth of 20
MHz. Thus, our micro-SQUID shows flux sensitivity on
par with the best reported micro- and nano-SQUIDs,
sub-micron pickup loops and integrated on-chip field
coils and a scanning microscopy compatible geometry.
A reduced back action and dissipation compared to
conventional DC SQUIDs can be expected because
of the lower operating frequency and easier variation
of the excitation power. Furthermore, heating effects
commonly found in on-chip resistors can be avoided.20
These features make it ideal for single electron spin
detection and manipulation with the goal of observ-
ing quantum coherent phenomena in mesoscopic samples.
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